REVIEW ON THE ATMOSPHERIC MODELING STUDIES
The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accidentally released nuclear fission products into the atmosphere and surrounding area in March 2011. A great number of studies have been performed and facts have been accumulated after the more than six years that have passed since the event. In terms of the impacts of the nuclear accident on terrestrial animal health,
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86 M. Kajino et al. when habitation is concerned, e.g., when considering sporadic releases (Steinhauser et al., 2015) and resuspension from terrestrial ecosystems . There are still evacuation-directed zones in Fukushima Prefecture and their ambient gamma doses are almost entirely attributed to radiocesium.
Atmospheric modeling study comprises two important parts: emission estimation and dispersion modeling. A number of studies have been conducted for the respective parts for emission (e.g. Chino et al., 2011; Stohl et al., 2012; Terada et al., 2012; Winiarek et al., 2012 Winiarek et al., , 2014 Saunier et al., 2013; Achim et al., 2014; IAEA, 2015; Katata et al., 2015; Yumimoto et al., 2016; Liu et al., 2017) and for dispersion modeling (e.g. Morino et al., 2011; Yasunari et al., 2011; Katata et al., 2012a, b; Morino et al., 2013; Hirao et al., 2013; Adachi et al., 2013; Draxler et al., 2015; Groëll et al., 2014; SCJ, 2014; Saito et al., 2015; Sekiyama et al., 2015; Quérel et al., 2015; Kristensen et al., 2016; Nakajima et al., 2017) . Validations with observations are particularly indispensable for the both modeling studies. Total depositions of radiocesium and their horizontal distributions have been revealed through systematic aircraft monitoring together with ground-based observations (NRA, 2012)-one of the massive observation data sets to validate the simulation results. Transport pathways and the deposition mechanisms of radionuclides, which cause the spatial distributions of radiocesium deposition, have been qualitatively understood following the substantial efforts of atmospheric modelers (e.g., Morino et al., 2013; Arnold et al., 2015; Katata et al., 2015; Leadbetter et al., 2015; Saito et al., 2015; Nakajima et al., 2017) . However, the transport and deposition are not fully understood, as (1) there are still discrepancies between the simulations and observations in some regions and (2) the simulated depositions varied substantially between models (SCJ, 2014). One of the major reasons for the uncertainty in the simulations is the difficulty in wet deposition process modeling. Previous studies have shown that the wet deposition process is the dominant mechanism of radiocesium deposition over Japan (e.g., SCJ, 2014) . However, the simulation of wet deposition processes is highly complex; thus, the discrepancies between simulations and observations, as well as differences among the simulation results from different models, are quite large, even for conventional substances, such as sulfate, nitrate, and ammonia .
More than six years have passed and we have come to know a considerable amount about the behavior of radiocesium in the atmosphere, as mentioned above. However, while we know that wet deposition is one of the key processes, the size of its influence is unknown. We also know that the simulation results vary, but we do not know exactly why. Multi-model intercomparison studies can show the magnitude of uncertainty but they cannot identify the cause of uncertainty. Therefore, in order to understand the atmospheric processes, especially that of wet deposition, and to quantify the uncertainties of each component of the simulation, a research collaboration was initiated in 2013 between l'Institut de Radioprotection et de Sûreté Nucléaire (IRSN) and the Meteorological Research Institute (MRI). Our collaboration was funded by the Japan-France integrated action program (SAKURA) of the Japan Society for the Promotion of Science (JSPS) and the Ministère des Affaires Étrangères et du Développement International (MAEDI) from September 2014 to August 2016.
Our work is unique since we applied a state-of-the-art ensemble data assimilation approach (Kunii, 2014; Sekiyama et al., 2015) to the high-resolution weather forecast model operationally developed by the Japanese national weather service (Japan Meteorological Agency; JMA). This ensemble data assimilation system can reproduce meteorological fields with the highest possible reliability at fine horizontal resolutions (up to sub-km scales) using operational observational datasets. This system can simultaneously provide meteorological ensemble members, which are usable for evaluating model uncertainty, called ensemble analysis. The ensemble analysis enables us to quantitatively compare the sensitivity of simulated radiocesium deposition to wet deposition schemes (e.g., Quérel et al., 2015) or aerosol properties (e.g., Adachi et al., 2013) against the difference in simulated radiocesium deposition among meteorological ensemble members. The ensemble analysis also enables us to estimate the uncertainty in the source-term estimations of radionuclides using inverse modeling with meteorological ensemble members.
In the following sections, we presented the numerical methods used under the SAKURA program. Then, the framework of the program and part of the outcomes of these collaborative research topics, including some works which are still ongoing, are presented in the paper. Based on our collaborative activity, we also discuss the future directions for atmospheric modeling studies associated with the accident.
NUMERICAL METHODS

Atmospheric dispersion models
IRSN has two types of operational atmospheric dispersion models for radionuclides for different purposes: a Gaussian puff model, pX (Soulhac and Didier, 2008) and an Eulerian model, ldX. pX is used for the prediction of the dispersion within the area close to a nuclear power plant. ldX (developed based on the chemical transport model Polair3D; Boutahar et al., 2004) is used for the prediction of long-range transport, chemical formation, and both dry and wet scavenging processes.
MRI also has two types of atmospheric dispersion models: RATM, which is a Lagrangian model (Shimbori et al., , 2010 , and three Eulerian models: NHMChem (based on the chemical transport model RAQM2; Kajino et al., 2012) , MRI-CCM2 (Deushi and Shibata, 2011) , and MASINGAR (Tanaka et al., 2003) . These models are used by JMA for the operational prediction of volcanic ash, photochemical oxidants, ultraviolet radiation, and Asian mineral dust. The atmospheric processes associated with radionuclides are incorporated into RATM, NHM-Chem, and MASINGAR. We also utilize other community models, such as WRF, which is a meteorology model (Skamarock et al., 2008) ; CMAQ, which is an Eulerian chemical transport model (Byun and Schere, 2006) ; and LM which is a Lagrangian transport model , for multi-model/multi-module inter-comparison purposes.
We use different types of models as each of them has pros and cons. The Gaussian puff and Lagrangian models are more efficient and accurate than the Eulerian models when solving point source problems within a limited area (they are computationally expensive when accuracy in expanded downwind areas is needed). On the other hand, Eulerian models are more efficient and accurate than Gaussian puff and Lagrangian models when solving longrange transport problems (these will be computationally expensive when accuracy near the point source areas is needed). All the details of the model formulations are presented in the references given in this subsection.
Ensemble simulation and data assimilation
Ensemble data assimilation is a powerful tool for reproducing an accurate meteorological field. In this study, we implemented a Local Ensemble Transform Kalman Filter (LETKF; Kunii, 2014 and references therein) in our data assimilation system, coupled with an operational regional weather forecast model called the JMA's NonHydrostatic Model (JMA-NHM; Saito et al., 2006) . Hereafter, this data assimilation system is called NHM-LETKF. Sekiyama et al. (2015) applied the NHM-LETKF to the FDNPP accident analysis, such that they assimilated the JMA's operational meteorological datasets, which are derived from observations at manned observatories, balloons, wind profilers, aircrafts, ships, buoys, and satellites. Sekiyama et al. (2015) also assimilated the obser- 88 M. Kajino et al. vational data of the automated meteorological data acquisition system (AMeDAS) and the Tokyo Electric Power Company (TEPCO) monitoring post data. In fact, the AMeDAS surface wind data assimilation significantly improved the prediction of surface activity concentration of radiocesium (Sekiyama et al., 2017a) . The AMeDAS network comprises approximately 1,300 stations throughout Japan, which are laid out at average intervals of 17 km. The TEPCO monitoring posts are placed at FDNPP and the Fukushima Dai-ni Nuclear Power Plant, which is located 12 km south of FDNPP. The ensemble size was set to 20 members and the horizontal model resolution was set to 15 km, 3 km, or 500 m. The technical details of NHM-LETKF are found in Kunii (2014) and the configuration of the data assimilation and the ensemble production method for the FDNPP accident analysis are found in Sekiyama et al. (2015) .
Inverse modeling
Both IRSN and MRI use inverse modeling tools to estimate the emission fluxes of the source using atmospheric dispersion models, an a priori emission scenario, and the observational datasets of the atmospheric concentrations and depositions. Saunier et al. (2013) use the ldX model, a zero-emission a priori scenario, and the gamma dose rate measurements. Winiarek et al. (2012) use Polair3D, a zero-emission a priori scenario and the air concentration measurements both in Japan and in North America. Winiarek et al. (2014) use Polair3D, a zeroemission a priori scenario, and both the atmospheric concentration and deposition measurements in Japan. Maki (2015) uses the MASINGAR model, the Terada et al. (2012) 's source term as a priori emission scenario, and the daily mean observational data of 51 global sites. Yumimoto et al. (2016) use the CMAQ model, which was modified by Morino et al. (2011) , the Terada et al. (2012) 's source term as a priori emission scenario, and the airborne measurements of the 137 Cs deposition field (NRA, 2012). Saunier et al. (2013) , Winiarek et al. (2012 Winiarek et al. ( , 2014 and Maki (2015) use Bayesian synthesis method. Yumimoto et al. (2016) employ Green's function method. Figure 1 illustrates the past and the current research collaborations and the links between the two institutes' research topics on the atmospheric processes involved in the dispersion and deposition of radioactive substances. Before the SAKURA program started, a series of works were accomplished by the two groups using their own methods concerning the following topics;
COLLABORATION UNDER THE SAKURA PROGRAM
(1) Source-term estimation: Mathieu et al. (2012) used pX and ldX, Winiarek et al. (2012 Winiarek et al. ( , 2014 used Polair3D, Saunier et al. (2013 ) used ldX, Maki (2015 used MASINGAR, and Yumimoto et al. (2016) used CMAQ.
(2) Deposition study: Korsakissok et al. (2013) , Groëll et al. (2014) and Quérel et al. (2015) used ldX and Adachi et al. (2013) and Kajino (2015) used NHM-Chem.
(3) Uncertainty and sensitivity study: Korsakissok et al. (2013) used pX, Girard et al. (2014) used ldX, Girard et al. (2016) used the Gaussian process emulator of ldX, and Sekiyama et al. (2015) used ensemble simulations produced by NHM-LETKF. Quérel et al. (2015) and Kajino (2015) discussed the uncertainty in simulations due to the selections of wet deposition schemes and aerosol microphysical properties, respectively.
We also reported our simulation results using ldX and NHM-LETKF-Chem to the Science Council of Japan's (SCJ's) model inter-comparison study (SCJ, 2014 ).
The SAKURA program ended in August 2016, but the collaboration is still ongoing. During the two years, we were supposed to hold two workshops each year. We had a total of five workshops, either in France or in Japan. Through the workshops, we shared our datasets and research experiences and discussed the design of the collaboration based on the abovementioned three topics. During the program, meteorological analysis, the 20 ensemble members produced by Sekiyama et al. (2015) and the source term obtained by inversion modeling (Yumimoto et al., 2016) were shared with the MRI and IRSN scientists. Using the meteorological ensemble simulations, we have revisited the three listed topics: source-term estimation, deposition, and uncertainty studies.
Our collaboration was successful in the sense that MRI is a meteorological research institute that belongs to JMA, an operational weather forecasting center in Japan, whereas IRSN is an operational and research center focused on environmental radioactivity during a nuclear crisis. MRI imported technologies on the prediction of radioactivity from IRSN, while IRSN received meteorological ensemble analyses with finer grid resolutions from MRI. We could collaborate and work towards a further understanding and improvement of source-term assessment, atmospheric dispersion, and deposition modeling studies. Sekiyama et al. (2015) performed meteorological simulations and dispersion modeling with multiple horizontal grid resolutions, namely, 15 km, 3 km, and 500 m, as shown in Figure 2 . Such an analysis is indispensable for model simulations in Japan because the topography in Fukushima and the surrounding prefectures are complex, containing mountainous and hilly regions, and thus, the local wind fields and precipitation patterns are sub-stantially affected by the complexity of the topography. Previous multi-model inter-comparison studies, such as SCJ (2014), Draxler et al. (2015) , and Kristiansen et al. (2016) , contained models with different grid resolutions, but the differences due solely to the grid resolutions were not extracted because conditions other than the grid resolutions (such as emissions, deposition parameters and models themselves) were different as well. Sekiyama et al. (2015) conducted this analysis with a single meteorological and transport model to identify the simulation differences due solely to the grid resolutions. As summarized in Table 2 , the simulated concentrations and deposition fields at the 3-km grid resolution were well correlated with those at the 500-m resolution as a benchmark,
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Fig. 2. (a-c) NHM-LETKF model domains of the (a) 15-km, (b) 3-km, and (c) 500-m grid spacing analysis. The cross in panel (c) indicates the location of FDNPP. (d-f) The mean surface 137 Cs concentrations from 00 UTC March 15 to 00 UTC March 16, 2011 as simulated by NHM-LETKF-Chem with the three different grid spacing analyses. (g-h) Same as (d-f) but the cumulative deposition of
137 Cs (modified figures 2, 5, and 7 of Sekiyama et al., 2015) .
whereas the simulation at the 15-km grid resolution was degraded due to the lack of modeled complex topography. The correlation coefficients of the deposition fields between 15 km and 500 m are lower than 0.5. Another remarkable feature of Sekiyama et al.'s (2015) work is that they used LETKF for their meteorological simulation, so that they produced meteorological ensemble members and meteorological analysis simultaneously. They concluded that a grid resolution of 3-km was adequate for simulating the dispersion and deposition of radio-Cs released from FDNPP, and they provided the most realistic meteorological fields by assimilating the observation data with a meteorological ensemble, reflecting the prediction errors. To date, we have worked on source-term estimation (e.g., Saunier et al., 2013) , sensitivity studies for wet deposition parameters (e.g., Quérel et al., 2015) , and aerosol properties (e.g., Adachi et al., 2013; Kajino, 2015) , as presented in the following subsections, but none of the studies had evaluated their results against the uncertainties in the meteorological simulation. In the framework of the SAKURA program, we shared this meteorological analysis and the ensembles, and we are revisiting the above issues. Most of our works are still ongoing, but some have been completed (Saunier et al., 2016; Périllat et al., 2016) and are presented in the following subsections.
INVERSE MODELING FOR SOURCE-TERM ESTIMATION
As shown in Fig. 3 , Saunier et al. (2013) assessed a source term via inverse modeling. Their technique is to solve the inverse problem by relating atmospheric measurements to emission rates using an atmospheric dispersion model. They used the ambient gamma dose rate measured at the monitoring posts of the Nuclear Regulation Authority (NRA). The gamma dose rate includes both cloud shine (air concentration) and ground shine (deposition) effects. They extracted only the cloud shine effect from the gross rate to assess the potential releases periods. Then, the gross rate is used in the inversion to evaluate the release rates among the periods identified in the previous step. As presented in the previous section, ldX was used for the dispersion modeling. Figures 3(d) -(g) presents the time series of the gamma dose rates at the four monitoring posts. The simulation with the inversed source term (red) is better able to reproduce both the peak height (air concentration) and decay afterwards (deposition) than the related simulation done by Mathieu et al. (2012) , which used the source term (blue). Saunier et al. (2013) Sekiyama et al., 2015) Review of atmospheric modeling studies 91 Saunier et al., 2013). fields. As discussed in Saunier et al. (2013) and as shown in Sekiyama et al. (2015) , the horizontal grid resolution of 0.125 deg may not be adequate to resolve the complexity of the topography, and the 3 h resolution may not be adequate to follow the rapid changes of the wind direction near FDNPP during the release events. The source term is estimated to reproduce the best performance of the dispersion model used for the inversion. In other words, the inverse emission highly depends on the meteorological fields, the number and type of measurements, and the dispersion model used. The SAKURA program used the inverse modeling study in two ways: (1) by providing the assimilated meteorological fields at finer grid (3-km) and time (10 min) resolutions and (2) by providing the meteorological ensemble that enables the evaluation of the uncertainty in the estimated source term, as partly presented in Saunier et al. (2016) .
Fig. 3. Cumulative deposition of 137 Cs and 134 Cs (a) observed, (b) simulated using the retrieved source term, or (c) simulated using a priori source term. (d)-(g) Comparisons of the dose rate observations (black dots) with those simulated using the retrieved source term (red) and using an a priori source term (blue) at the four locations in Japan, showing the directions and distances from FDNPP (modified from figures 5 and 9 of
Fig. 4. 137 Cs deposition maps of (a) the simulation with the best FMS, (b) observations, and (c) the simulation with the best PC from among the combinations of several in-cloud and below-cloud deposition schemes (modified from figure 1 of Quérel et al., 2016). (d)-(g) show the box plots for the (d, f) FMS and (e, g) PC of the simulations of the (d, e) in-cloud and (f, g) below-cloud deposition schemes.
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ATMOSPHERIC DISPERSION MODELING AND ITS SENSITIVITY TO WET DEPOSITION SCHEMES
The selection of an appropriate wet deposition scheme is particularly important for the FDNPP case study mainly for the following two reasons: (1) wet deposition modeling is difficult and highly uncertain and (2) the main contamination of radiocesium occurred via wet deposition (SCJ, 2014). Quérel et al. (2015) implemented various simple wet deposition schemes in ldX and compared the results with the observations, as presented in Fig. 4 . The wet deposition process comprises two distinct processes: in-cloud scavenging (or rainout) and below-cloud scavenging (or washout). The in-cloud process indicates that aerosols are activated as cloud condensation nuclei form cloud droplets and are scavenged via the subsequent cloud microphysical processes. The below-cloud processes indicate that aerosols are collected by settling hydrometeors and are scavenged. There are two ways to solve the wet deposition process in dispersion models: process-based formulations and simple parameterizations. The processbased methods calculate the scavenging rates based on the physical and chemical properties of the aerosols and clouds, sometimes including electrostatic forces (Tinsley et al., 2006) and turbulence (Quérel et al., 2014) . The simple parameterization methods calculate the rate as simple functions of the precipitation rate (as listed in tables 1 and 2 of Quérel et al. (2015) ). Quérel et al. (2015) compared simulations of several below-cloud and in-cloud scavenging schemes against the airborne observations of the deposition map of radiocesium in terms of the two statistical indicators: the Pearson correlation coefficient (PC) and the figure of merit in space (FMS). They also included simulations using the radar/rain-gauge precipitation observations of the Japan Meteorological Agency to predict the scavenging rates in the model instead of using the simulated precipitation.
As shown in Fig. 4 , the simulated deposition patterns, as well as the simulated amounts, significantly differed among the combinations of the wet deposition schemes. Additionally, the combinations showing the best PC and best FMS scores were different, which indicates that there was no absolute best combination of schemes. Uncertainty in the boundary conditions (i.e., meteorology and source terms) might prevent the successful selection of an accurate deposition scheme, but this could be resolved in the future under the SAKURA program, which raised the accuracy of the meteorological fields and the source term by inverse estimation using accurate meteorology.
ATMOSPHERIC DISPERSION MODELING AND ITS SENSITIVITY TO AEROSOL PROPERTIES
The importance of the meteorological fields, source term, and deposition schemes was presented in the previous subsection. Another important aspect of the elemental process modeling issue, specifically, the microphysical properties of Cs-carrying aerosols, is addressed in this subsection.
All the models aside from NHM-Chem did not explicitly model the microphysical properties (i.e., size and hygroscopicity) of Cs-carrying aerosols but instead assumed a water-soluble particle with an approximately 1 mm diameter. However, Adachi et al. (2013) reported that, in the early stages of the accident, the carrier aerosols of radiocesium were spherical, water-insoluble particles (hereafter, Cs-balls), and they predicted that the atmospheric behavior of these aerosols would be significantly different from those of the water-soluble submicron particles described by Kaneyasu et al. (2012) . Below-cloud scavenging is not efficient for particles of approximately 1 mm because of their small inertias and slow Brownian motions. The submicron water-soluble particles are efficiently scavenged by in-cloud processes, while the water-insoluble Cs-balls may not be due to the very high supersaturation needed for the water-insoluble aerosols to act as cloud condensation nuclei. Thus, the below-cloud processes are probably the dominant scavenging processes of Cs-balls. Kajino (2015) assessed the uncertainty of the simulated deposition of radiocesium caused by the size and hygroscopicity of its career aerosols, and compared it to the uncertainty caused by different meteorological simulations. Figure 5 shows a comparison of the depositions simulated of the three meteorological fields (NHM and WRF with two cloud microphysics schemes, Morrison et al. (2009) and WDM6 (Lim and Hong, 2010) , named WRF-MORR and WRF-WDM6, respectively) for the watersoluble and water-insoluble particles (a-f) and with aircraft observational data (g-l). Note that, following Morino et al. (2013) and Katata et al. (2015) , the correlation coefficient R and mean bias (MB) were calculated only when the observed values were larger than 10 kBq/m 2 . The simulated results were significantly different between the particles assumed to be 100% water soluble (a-c, g-i) and those assumed to be 100% water insoluble (d-f, j-l), because the rainout of the Cs-balls was not considered, whereas the dry deposition velocity of the Csballs was approximately four times that of water-soluble submicron aerosols. Adachi et al. (2013) detected Cs-balls only in samples collected during the early stages of the accident (14-15 March), but they reported that radioactive Cs was carried by water-soluble aerosols later (20-22 March). Kaneyasu et al. (2012) , who analyzed samples collected from 28 April to May 12 and during 12-26 May, also reported radiocesium carried by water-soluble aerosols. Doi et al. (2013) reported the size distribution of radiocesium for April 4-11 and 14-21, between the 94 M. Kajino et al.
Fig. 5. (a-f) Cumulative depositions simulated using the meteorological fields of (a, d) NHM, (b, e) WRF-MORR, and (c, f) WRF-WDM6 under the assumption that 100% of the 137 Cs was carried by (a-c) water soluble or (d-f) water-insoluble particles. (g-l) Scattergrams of the simulations and the aircraft observations. The simulations of (g)-(l) correspond to those of (a)-(f). The statistics R and MB in the panels were calculated on a linear-linear basis.
Review of atmospheric modeling studies 95 Terada et al. (2012) , and (b) source terms from Mathieu et al. (2012) .
Fig. 7. Observed ambient gamma dose rates (dots) and ensemble members (lines) using the NHM-LETKF meteorological ensemble with the pX model: (a) source terms from
APPLICATION OF METEOROLOGICAL ENSEMBLES
As previously discussed, ensemble modeling is a powerful tool for predicting the chaotic nature of meteorological simulations, and thus it can provide useful information for environmental modeling in various ways. Some of examples are presented in this subsection. Figure 6 shows an example of the probabilistic forecast of the radioactive plumes predicted by NHM-LETKFChem (Sekiyama et al., 2017b) for (a-c) March 15 and (d-f) 21, 2011, respectively, when the radioactive plume was transported from FDNPP toward the Tokyo Metropolitan Area. The deterministic (or single) run can only periods investigated by Adachi et al. (2013) and Kaneyasu et al. (2012) . They did not measure hygroscopicity but, interestingly, the activity median aerodynamic diameters of the two periods are 1.8 and 1.0 mm, respectively, which are larger than those reported by Kaneyasu et al. (2012) (0.5-0.6 mm). Therefore, the assumption of 100% waterinsoluble or water-soluble particles was not realistic; the actual distribution must lie somewhere in between. Even though the simulated amounts and patterns of the depositions are different for the different assumed aerosol properties, a quantitative assessment was not possible due to lack of findings pertaining to the aerosol microphysical properties of the source term. predict the area above or below the threshold concentration (in this case 15 Bq/m 3 , denoted as the white contour lines), whereas the meteorological ensembles can provide the probability of the concentrations exceeding the threshold. This probabilistic forecast provides much more information than the deterministic forecast and is thus helpful for the policymakers and stakeholders in formulating evacuation plans for emergency situations. Figure 7 presents the time series of the observations of the ambient gamma dose rate at Itate with the NHM-LETKF ensemble using (a) the source term from Terada et al. (2012) or (b) the source term from Mathieu et al. (2012) (Périllat et al., 2016) . This figure indicates the success of the ensemble simulations: each member of the ensemble can either overestimate or underestimate the observations, but the observations are well within the range of the ensemble (within the uncertainty of the meteorological simulations). This figure also shows the dependency of the results on the source term used. By combining the meteorological ensembles with inverse modeling, such as was done in Saunier et al. (2013) , we can obtain a source-term estimation that includes meteorological uncertainties.
CONCLUSION AND FUTURE REMARKS
Modeling studies on the atmospheric diffusion and deposition of the radiocesium associated with the FDNPP accident is reviewed here, with a focus on a research collaboration between IRSN and MRI (the SAKURA program). A part of our research activities has also been reviewed in Mathieu et al. (2017) . Mathieu et al. (2017) dealt with the general feature of radionuclides in atmosphere, whereas the current study focused on technical issues in atmospheric modeling. During this collaboration, we aimed to understand the atmospheric processes using atmospheric dispersion modeling and to quantify the uncertainties of the simulations using various numerical techniques, as summarized in Fig. 8 . We had three topics: 1. Reverse/inverse modeling to quantify the source term; 2. Process modeling to better understand the wet deposition and aerosol dynamical processes; and 3. Ensemble simulations and data assimilation to quantify the accuracies and uncertainties of meteorological simulations. Our findings are summarized as follows, corresponding to each topic:
1. Inverse modeling is a useful tool for source-term estimation. Its accuracy highly depends on the quality of the observations (and their quantities), meteorological fields, and transport models.
2. As for the quality of the transport models, the wet deposition schemes and aerosol properties are assessed. Among the currently available deposition schemes, no ideal scheme was found due probably to uncertainty in the boundary conditions such as meteorology and source terms. Deposition was found to be sensitive to the hygroscopicity of Cs-carrying aerosols but was also found to be uncertain due to our poor understanding of the aerosol properties of the source term.
3. The ensemble data assimilation is a powerful tool to provide meteorological analysis fields with the highest possible reliability at high temporal and spatial resolutions, together with meteorological ensemble members, which are usable for evaluating model uncertainty. The ensemble method is useful for inverse modeling, in that it allows for increased accuracy and better estimations of the uncertainty of the source term, as well as being useful for studies evaluating the significance and importance of atmospheric processes.
The current status of atmospheric modeling associated with the FDNPP accident case study and their nearfuture perspectives are summarized as follows:
1. There are two big streams of research that could instigate a paradigm shift in the study of the FDNPP accident in the near future: 1. Hourly observational data at a hundred stations (Tsuruta et al., 2014; Oura et al., 2015) are now available and have been shared with the simulation community (some simulations and comparisons have already been done; Saunier et al., 2016; Nakajima et al., 2017) . 2. There are extensive studies investigating particles, including Cs-balls, in the regional environment, and since Adachi et al. (2013) , new findings have been continuously published (Abe et al., 2014; Yamaguchi et al., 2016; Satou, 2016; Satou et al., 2016; Higaki et al., 2017) . These will certainly foster the understanding of atmospheric processes through an improvement of the process modeling in the coming ten years.
2. We know the gross amounts of the emissions and depositions of radiocesium. However, the temporal variations of the source term are uncertain. These variations will become clearer as we have more accurate meteorological fields. The simulated depositions are highly variable among the models, but the reasons for these variations have not been identified. These additional variations will become clearer as further model intra-comparisons (i.e., sensitivity runs) and model inter-comparisons, with partially common configurations (e.g., different dispersion models but common domain and meteorology, as prescribed in the 2nd phase of SCJ's inter-comparison project) are completed. The 2nd SCJ project is ongoing, and Sekiyama et al. (2015) is used as a common meteorological field in this project.
3. The simulated deposition near FDNPP and to the northwest of the plant is substantially inaccurate. It is certainly difficult for Eulerian models to perform well due to the numerical diffusion at the point source, but the diffusion is readily resolved as the spatial resolution becomes higher. There are other critical reasons for the dif-98 M. Kajino et al. ficulty: the deposition occurred via light precipitation (<0.5 mm/h) and could include particles with diameters larger than 10 mm (e.g., Satou, 2016) . Light precipitation is usually difficult for meteorological models to simulate, as their target has traditionally been heavy precipitation. When a particle is larger than 10 mm in diameter, the gravitational settling and below-cloud scavenging become significantly different from those assumed by all the previous models, i.e., particles of approximately 1 mm in diameter.
4. Studies on the mechanisms of radioactive aerosol formation will certainly improve the ability of atmospheric dispersion models. As the aerosol formation mechanisms are clearer, so are the aerosol properties. Relating to the items #1 and #3, a series of the Cs-ball studies will foster the understanding of its formation mechanisms and consequently improve the deposition modeling. There are also experimental studies specifically focusing on aerosol formation mechanisms (not Cs-ball formation for the cases): attachment of fission products to pre-existing aerosols (Takamiya et al., 2016a, b) and formation of radioactive aerosols from an experimental reactor, Phébus (Haste et al., 2013) . Information on the aerosol properties could be useful for the decontamination, too.
5. The vertical distribution of radionuclides is unknown. Accuracy in the vertical distribution of radionuclides is critically important, especially for incloud scavenging. This accuracy is also important because the surface concentration depends on vertical diffusion. For example, even though the simulated surface concentration matches that observed, the amount of emissions in the simulation is underestimated when the simulated concentration in the upper atmosphere is underestimated. The vertical distribution cannot be revealed through measurements, because there are no remaining signatures of the earlier distributions. Still, there are a few available datasets, such as the radioactive soundings of Fukushima University, but these data have not been adequately used by the modeling community. A detailed study on the vertical distribution, using the available data, will be necessary.
6. An understanding of radioiodine will also be fostered. However, it is much more difficult to model than radiocesium because radioiodine was also partitioned into a gas phase, and even included inorganic and organic species in its gas phase. The environmental behaviors of the aerosol-phase, inorganic gaseous, and organic gaseous radioiodine are different from each other, but their partitioning in the atmosphere is difficult to model because our knowledge of their partitioning during their emission is limited.
